Abstract Daphnia lumholtzi is a planktonic crustacean native to subtropical regions in Africa, Asia and Australia. Since its invasion to the southern USA in *1990 it has spread across North America as far north as the Laurentian Great Lakes. We assessed invasion history using microsatellite makers and to explore the influence of mean annual temperature on the genetic structure along a latitudinal gradient in North America. Genotypic data were obtained from 9 microsatellite markers for 178 individuals from 13 populations (eight populations introduced to North America and five populations in the native range). Pairwise F st values as well as Bayesian clustering showed a strong subdivision between native and introduced populations. Bayesian clustering identified multiple genetic clusters in recently invaded locations, suggestive of multiple invasions from various sources, including Asia and Africa. Using variation partitioning, we determined the amount of variation for genetic clusters of populations in the invaded range due to mean annual air temperature and the year of first detection. The results point to a primary introduction into the southern range of North America, with a subsequent northward expansion, and multiple introductions possibly from both the native range and by secondary spread from previously-invaded locations. Separate analysis of genetic clusters within the invaded range suggests additional effects of temperature conditions on geographic genetic structure, possibly as a consequence of D. lumholtzi's tropical origin.
Introduction
Global translocations of freshwater zooplankton offer an interesting model for understanding the importance of history and climate on macrogeographic population structure. In North America, a variety of zooplankton have invaded lakes, many carried long distances in the ballast water of large ships (MacIsaac et al. 1999; Cristescu et al. 2001; Havel and Medley 2006) . The best-studied example, the spiny water flea Bythotrephes longimanus (Leydig, 1860) , has neither spread far beyond the primary invasion area nor colonized across various climate zones of North America (Yan et al. 2011; and http://nas.er.usgs.gov) . In contrast, Daphnia lumholtzi Sars, 1885 a native to the subtropics of Africa, Asia, and Australia, was likely transported to North America with introduced fish (Sorensen and Sterner 1992) and quickly spread across the United States (Havel and Shurin 2004) . Now common across a wide latitudinal (i.e. temperature) range from Florida to the Great Lakes, D. lumholtzi is capable of being dispersed via anthropogenic vectors (i.e. recreational boats -Havel and Stelzleni-Schwent 2000) . Thus, the invasion of D. lumholtzi is an exceptional case of a zooplankton invasion with regard to its initial route of introduction to North America, its speed of secondary spread, and the geographical and climatic range invaded. Since the year 2000, the species has also been recorded in three sites in Brazil (Zanata et al. 2003; Simoes et al. 2009 ). D. lumholtzi has a conspicuous morphology that is clearly distinct from Daphnia species native to North America (Havel and Hebert 1993) , and is thus readily identifiable in water samples. Havel and Hebert (1993) suggested African populations as a possible introductory source for North American populations, and considered the commercial stocking of Nile Perch from Lake Victoria in reservoirs of the southern US in the 1980s as the most likely introduction pathway. Results from allozymes and mitochondrial (mt)DNA suggested a close relationship of North American populations with African and Asian populations, but not with Australian populations .
While direct observations of species invasions provide important records on invasion extent and history (Havel et al. 2002) , genetic data for invasive species have yielded key information on the geographical origin of source populations (Ascunce et al. 2011) . The study of population genetic structure of invasives offers insights about origins and the number of introductions during the invasion process (Reusch et al. 2010) . Such knowledge on geographic origin and number of introductions guides our understanding of invasion trajectories, providing insight into management strategies for reducing the chance of future introductions (Estoup and Guillemaud 2010; Fitzpatrick et al. 2012) .
Genetic diversity has sometimes been linked to population age, but the relationship between these variables is not altogether clear. Loss of genetic diversity has been observed in recently established populations as a result of founder effects (Nei et al. 1975) , strong selection, and genetic drift in the novel environment (reviewed in Dlugosch and Parker 2008) . Repeated introductions can contribute to a positive relationship between genetic diversity and population age in invasive populations, such that older populations are more diverse than younger (Dlugosch and Parker 2008) . The opposite pattern, i.e. higher genetic diversity in younger populations, can result from high propagule pressure and multiple invasions from different geographic sources (Roman and Darling 2007) and may lead to genetic diversity equal to that of native populations (Kelly et al. 2006) . For example, younger populations of South African ragwort (Senecio inaequidens) were more diverse than older populations due to sufficient gene flow among populations along invasion routes (Lachmuth et al. 2010) .
Here we present the first study to use highly variable molecular markers (i.e. microsatellites) for assessing the invasion history of D. lumholtzi. We specifically aim to explore the population genetic structure along latitudinal gradients with mean annual air temperature as a proxy for different climatic conditions across North America, and to discriminate between a single invasion with subsequent range expansion versus multiple introductions. We test the following hypotheses: (1) The D. lumholtzi invasion in North America constitutes a single source introduction in the southern USA with subsequent range expansion by secondary introductions to new sites. (2) There is a latitudinal population genetic structure of D. lumholtzi along a temperature gradient within the invaded range of North America.
Methods

Sample collection and preservation
Daphnia lumholtzi was collected from eight North American populations and five populations throughout its native range (geographical details in Table 1 ; Fig. 1 ). Samples were preserved either in a DMSO (dimethyl-sulfoxide) solution containing 20 % DMSO, 0.25 M sodium-EDTA, and NaCl to saturation (Seutin et al. 1991) , or in 95 % ethanol, or were frozen at -80°C until DNA extraction. All North American populations were sampled in summer and fall 2008 (except for Atchafalaya, LA, sampled in 1995). All native populations were sampled between 1994 and 1996 (with the exception of Thailand, sampled in 2008). These five samples (Atchafalaya/ North America, Lake Victoria/Africa, Lake Phewa/ Nepal, and two lakes in Australia) collected in the 1990s are identical to the ones used in . DNA quality and microsatellite amplification did not differ between the older and more recent samples. Although D. lumholtzi is widely distributed, its populations typically have a short peak in abundance and are thus difficult to sample. Therefore the number of populations was limited and size of the samples suitable for DNA analysis was small (between 4 and 20 individuals per population, see Table 1 ). Information on the year in which D. lumholtzi was first recorded at a given location of the invaded North American range (Table 1 ; Fig. 1 ) was obtained from the Nonindigenous Aquatic Species resources website of the United States Geological Survey (http://nas.er. usgs.gov). Although the date of first record is not equivalent to the unknown date of introduction, it is a good estimator on when populations first became large enough to be detectable. The peculiar morphology of this species relative to native Daphnia (Havel and Hebert 1993) makes D. lumholtzi easy to spot when it is abundant enough to appear in samples. Date of first record allowed us to estimate population age of a given location at the time of sampling. Second, we used a modified CTAB method (Hillis et al. 1990 ), modified by D. J. Taylor (personal communication) for individual daphniids by reducing the volume of the extraction buffers by *50 % and resuspending the DNA in *40 ll of sterile water.
Adult D. lumholtzi individuals (total number of individuals = 178) were genotyped at 9 polymorphic microsatellite loci using primers originally developed for Daphnia magna. These primers were Dma1 (forward 5 0 -GCAAGCGACTTCCACTTTGG, reverse 5 0 -GTGG CTAACATACTCGGTCG and Dma3R (forward 5 0 -A AAGGAAAGCAACCGCTGC, reverse 5 0 -AAAAGGA AGGGGAATTACCC), (primer sequences unpublished, designed by J. Colbourne, personal communication), S6-199 (Routtu et al. 2010 ), B064, B008, B096 (Jansen et al. 2011) , and Dma11, Dma14, Dma15 (published in Genbank, Accession numbers AF291911, AF291913, EU131363, respectively). PCR reactions were performed separately for each microsatellite locus in 12 ll reactions using a PCR kit (iQ TM supermix by BioRad), and 1-2 ll of DNA template. The thermal profile used (MJ Research PTC 200 Thermo Cycler) consisted of a 3-min denaturation step at 94°C, followed by 45 cycles of denaturation at 94°C for 30 s, annealing at 46°C for 30 s, extension at 72°C for 30 s, and a final extension step at 72°C for 5 min. PCR products were electrophoretically separated on an ABI 3730 using the internal size standard LIZ600 (Applied Biosystems) and allele sizes were analyzed using the PeakScanner Software v1.0 (Applied Biosystems).
Statistical analysis
Multi-locus genotype data were analysed for eight North American populations and five populations from the native range (Africa, Asia and Australia) and included all 9 microsatellite loci. Using the software GENALEX 6.41, we calculated locus-specific number of alleles (N A ), expected (H e ) and observed (H o ) heterozygosity, and tested for departure from Hardy-Weinberg equilibrium (HWE). Standardized allelic richness and standardized private allelic richness were estimated using the rarefaction method implemented in the software ADZE (Szpiech et al. 2008) . Differences in standardized allelic richness and private allelic richness (9 loci) between native and non-native populations were tested with a MannWhitney U test. To test for temporal changes in genetic diversity within the invaded range throughout the invasion process, we performed the non-parametric Spearman-Rank correlation of standardized allelic richness with estimated population age, based on the number of years between the first year recorded, and the year of sampling.
The software FreeNA (Chapuis and Estoup 2007 ) was used to determine the frequency of null alleles for the 9 loci (Online Material 1) and to compute pairwise F st for each population pair with and without using the ENA correction method described in Chapuis and Estoup (2007) and used for graphical display of population differentiation with a Principal Coordinate Analysis (PCoA). To test for a correlation between genetic and geographic distances, we performed a Mantel test with the online software IBDWS (Jensen et al. 2005 ) on F st values corrected for null alleles (see above) within the invaded range (30,000 randomizations).
We employed a Bayesian clustering algorithm implemented in the software program STRUCTURE 2.3.3 (Pritchard et al. 2000) for the estimation of the number of population clusters (K) using eight introduced and five native populations. For these analyses, three loci were excluded due to missing data (Dma14, B096, Dma 3R). Using multi-locus genotypes, this program assigns individuals to a number of population clusters defined by the user. We calculated estimates for K = 1 to K = 6. STRUCTURE results are not strongly affected by the presence of null alleles and thus yield correct assignments of individuals when including loci with null alleles (Carlsson 2008) . We applied a model allowing for admixture between populations and with correlated allele frequencies, and used sampling locations as priors (the LOCPRIOR model, Hubisz et al. 2009 ). This method improves the detection of genetic structure if the signal is weak, but is not biased towards detecting a structure if there is none (Hubisz et al. 2009 ). For each K, 10 replicate simulations were run each with a burn-in of 25,000 iterations and 100,000 Markov-Chain-Monte-Carlo (MCMC) repetitions after burn-in. To evaluate the most likely number of K, we used the guidelines provided in Pritchard et al. (2000) , and the software STRUCTURE HARVESTER (Earl 2011) . This online software program applies a method that estimates the ''true'' K from the greatest rate of change in the likelihood function (DK) of successive K values (Evanno et al. 2005) . Results of 10 replicate simulations obtained for each K were permuted with CLUMPP (Jakobsson and Rosenberg 2007) for graphical display with DISTRUCT 1.1 (Rosenberg 2004) .
To analyze the population genetic structure within the invaded range, we repeated the STRUCTURE analysis outlined above, but we included only the eight North American populations. To test for the influence of mean annual temperature along a latitudinal gradient and invasion history (i.e., year when species was first recorded in a given location) on the population genetic structure in North America, we partitioned the variation obtained in a redundancy analysis (RDA) using the software program CANOCO v.4.5 (ter Braak and Š milauer 2002). The membership coefficients of individuals (cluster 1-3 obtained from the STRUCTURE analysis) were used as dependent variables in three separate RDAs. We used the two explanatory variables, mean annual temperature and year-of-firstdetection together, and separate with either variable as explanatory variable, and covariate to determine the variation explained by either variable, while controlling for the other variable. Monte Carlo permutation tests (9,999 permutations) were performed for each separate RDA to assess the significance of both the first canonical axis and all canonical axes together to evaluate the significance of the variation explained.
Results
Genetic diversity
All 9 microsatellite loci were polymorphic in D. lumholtzi, with five to 17 alleles per locus overall and a range of 1-9 alleles per population (Table 1) . Standardized allelic richness did not differ between native and invasive populations (Mann-Whitney U test, Z = 0.732, p = 0.46), while standardized private allelic richness was higher in native populations (Z = -2.93, p = 0.003, Fig. 2 ). Standardized allelic richness was negatively correlated with population age (Fig. 3 , r = -0.831 p = 0.01).
Genetic distances and genetic structure: linking native and invasive ranges Pairwise F st values (Table 2 ; Fig. 4a ) were calculated for all populations sampled in the native and nonnative regions. Considering the invaded and the native range, the largest genetic distances were found between the two Australian populations and the populations in Arkansas and Oklahoma (ENA corrected F st [ 0.700). The two smallest genetic distances between the invaded and native range involved the most recently detected population of West Point Lake, USA and the African population of Lake Victoria and the Nepalese population of Lake Phewa Fig. 2 Allelic patterns at 9 microsatellite loci across populations of the native and invaded range. Standardized allelic richness and standardized private allelic richness were estimated using a rarefaction method with the software ADZE, Na = total number of alleles detected in each population Fig. 3 The relationship between standardized allelic richness with estimated population age (i.e. years since first detection at a given location), estimated by Pearson's product moment correlation (r = -0.846, p = 0.008). Datapoints are colorcoded by year of detection (white: 1991-1993, grey: 1994-1995, black: 1999-2007) (ENA corrected F st values 0.440 and 0.402 respectively). F st values between more recently invaded populations (Pepin, Harlan, West Point) and native populations were significantly lower (mean 0.555, SE 0.01) than those of older North American populations and native populations (mean 0.626, SE 0.02, MannWhitney U test, Z = -2.72, p = 0.007). In general, pair-wise genetic distances of invaded and native populations were highest when involving Australian populations and smallest when involving African or Asian populations, suggesting Africa and Asia as main source regions. The results of Bayesian clustering obtained from STRUCTURE analysis provide additional evidence similar to that obtained from genetic distance with respect to both potential invasion source regions and relationships between populations in the invaded range (Fig. 5 , showing plots for K = 2 to K = 5). Based on the analysis of an increase of log-likelihood (Evanno et al. 2005) , the most probable number of genetic clusters for all 13 studied populations was K = 2 (Online Material 2A), clearly differentiating the native from the invaded range, with the exception of the two Australian locations sampled. Following Pritchard et al. (2000) , the most probable number of K is located where the distribution of values for the posterior probability of K approaches a plateau, which for this data set is approximately K = 3 (Online Material 2B). Increasing the number of genetic clusters to K = 3 distinguished the Australian range from the native populations. A further increase of K yielded the separation of all four native regions at K = 4. For all numbers of clusters simulated, the invaded region was clearly dominated by a distinct genetic cluster in most populations of North America with the notable exception of West Point (the most recently detected population). All individuals of West Point shared genetic clusters predominantly with those of the African population of Lake Victoria, and the two Asian populations. To a lesser degree, those clusters were also present in populations located in the Central and Northern USA.
Genetic distances and genetic structure within the invaded range of North America
The smallest genetic distances of the entire study were found within the invaded range of North America (range of corrected F st values 0.044-0.255). Principal Coordinate Analysis (PCoA) of corrected pairwise F st values among populations of the invaded range (Fig. 4b) showed a cluster of the southernmost populations in the United States that included populations in Texas, southern Missouri, Arkansas and Louisiana, while the northern populations in Nebraska (Harlan) and Minnesota (Pepin) and the most recently detected Table 2 Estimates of pairwise F st values for each pair of populations (above diagonal using the ENA correction described in Chapuis and Estoup (2007) In a second STRUCTURE analysis that included all eight North American populations, the true K according to Evanno et al. (2005) was K = 2 (Online Material 3A), while following Pritchard et al.(2000) , the correct K is higher (K = 3, Online Material 3B), indicating substructure that involves more than two clusters (Fig. 6a) . The results for K = 2 suggest shared ancestry of the most recently detected population of West Point Lake, the northernmost Lake Pepin and the southernmost population of Atchafalaya. Increasing the number of clusters to K = 3 showed further structure that appeared to be along a northsouth gradient (Fig. 6a, c) , with clusters K3 and K1 dominating the two more northern populations (Pepin, Harlan), and cluster K2 dominating the southern populations (Millwood, Texoma, Ray-Roberts and Atchafalaya), with the exception of West Point Lake, which was dominated by cluster K1. For a further study of the effect of mean annual air temperature along a latitudinal gradient and the year of detection on the genetic structure within North America, we employed the more conservative results of K = 3 (three genetic cluster membership coefficients of individuals K1, K2 and K3) using RDA (Table 3 ; Fig. 6b ). When we partitioned the variation, 23.5 % (p = 0.0001) of the variation in the genetic cluster membership was accounted for by temperature and 34.0 % (p = 0.0001) was accounted for by the year in which a population was first detected.
Discussion
We report two novel findings based on multi-locus microsatellite genotypes: first, that D. lumholtzi went through multiple introductions to North America from at least two source regions including areas in Asia and Africa; second, that the genetic makeup in the invaded range studied is not uniform, but exhibits a pronounced structure apparently related to both invasion history and a latitudinal temperature gradient. We are aware that the sample size in our study is limited and requires careful interpretation, but nevertheless our results provide a valuable addition to existing knowledge on the distribution and invasion pattern of this exotic zooplankton species. Multiple source introductions Existing evidence from mtDNA and allozyme data indicated that the most likely introductory source was located in Africa . The microsatellite data generated in this study confirm this probable source of origin, that introduction events are recent and appear to stem from multiple geographic origins. Pair-wise genetic differences revealed a closer relationship of all North American populations with populations in Africa and Asia, whereas distances to Australian populations were much larger. Populations from the native range had a significantly higher number of private alleles than in the introduced range, emphasizing the large geographical range and genetic isolation of the native populations. These results are supportive of previous mtDNA data that identified a deep divergence of Australian populations from Asian, African and North American D. lumholtzi . Here, Bayesian clustering of population microsatellite data resulted in a more complex structure. The four native regions sampled in this study were separated when assuming higher numbers of genetic clusters, while the main ''invasive'' cluster remained unchanged. Such divergence between native and invaded populations is a common phenomenon of species introductions. In our study, the divergence could suggest either an introduction from unsampled sources, or drift and selection of suitable genotypes after initial invasion and subsequent range expansion in the invaded area, or a combination of both (discussed below). For the identification of more specific introductory sources in future studies, the sampling effort in native regions should be intensified. Nevertheless, despite the modest sample size, we can deduce from our data that North American D. lumholtzi does not stem from a single native region, but rather from a mixture of sources including African and Asian populations. Some populations in the invaded range exhibited shared ancestry with one or more of the native regions. The most recently detected population in West Point Lake (located in the southeastern US) contained the highest percentage of all three native clusters, indicative of its recent invasion from various geographic sources. The three lakes located in the central to northern range in the USA showed similar ancestry with native populations, but were dominated by the North American genetic cluster (the ''blue'' cluster in Fig. 5) . A more recent introduction into West Point is also suggested by the smaller pair-wise genetic distances between populations of the native and invaded range (compared to other North-American populations).
Invasion history in North America: range expansion or secondary introductions?
Although the number of populations sampled for our study was small, the genetic variation detected by microsatellites was sufficient for us to reconstruct the invasion history within North America and its relation to a latitudinal temperature.
Within the invaded range, our data indicate that both invasion history and temperature have played major roles in shaping the genetic structure of these populations. It appears that in D. lumholtzi, genetic diversity is similar between native and invaded regions and might only be elevated through admixture during multiple invasions, as was possibly the case in West Point Lake. According to our results, the most recently detected populations were also the most genetically diverse. A similar relationship of genetic diversity with population age was reported for the invasive lizard Anolis sagrei, (Kolbe et al. 2004) , for which repeated introductions into new regions within the invaded area, rather than extensive range expansion, were suggested.
Evidence gathered in previous studies points to initial colonization of lakes in the central and southern US (Havel and Hebert 1993) , and a subsequent range expansion both north and west across the North American continent (Havel and Shurin 2004) . In contrast, the pattern emerging from our study suggests that there were several later introductions. The genetic structure of North American populations, as revealed by Bayesian clustering, appears to be related to temperature as well as to invasion history. In an attempt to disentangle the two factors, we found that in variation partitioning, 24 % of the variation of the individual assignment probability to three genetic clusters in North American populations was explained by temperature, and an additional 34 % by invasion history (the year in which a population was first detected in a location). The significant amount of variation explained by mean annual temperature could reflect adaptation to different climatic zones across the North American continent. Although our data capture the genetic structure at neutral loci, and are as such not an indicator of genetic adaptation to new environments, our study can serve as a basis for designing experimental adaptation studies across climatic zones in North America (e.g. life-history experiments at a range of temperatures).
In its native range, D. lumholtzi has a broad distribution in tropical and subtropical regions of Africa, Asia, and Australia (Benzie 2005) . In the tropics, the species is perennial or limited to the dry season (Green 1971; Swar and Fernando 1979) , and has short peaks in abundance in the subtropics (Timms 1973) . Although often abundant during warm periods, the species is also present at lower temperatures in high altitude lakes or other locations such as Lake Phewa in Nepal with minimum temperatures around 16°C (Green 1995) . Such environments could have preadapted D. lumholtzi to low winter temperatures even in the southern range of North America, where it can be present temperatures below 6°C, albeit at low abundance (Frisch and Weider 2010) . In such a scenario, it is possible that the reduction of genetic diversity in older populations resulted from selection of genotypes better adapted to colder climates than those of their original habitats.
Two scenarios might have led to the observed geographical genetic structure: (1) independent invasion of the north and the south and subsequent admixture; or (2) primary introduction to the south, then range expansion and additional recent and repeated introductions from native sources. The first scenario appears to be less likely, since a hypothetical admixture zone in the Central USA should show increased genetic diversity, which was not observed in our study. Instead, our data support the second scenario with the observed decrease in genetic diversity with population age as a result of genetic drift and/ or selection, and the presence of native clusters in the more recently invaded populations, which are indicative of ongoing introductions. Populations identified as more recent by observational data in our study all showed an elevated shared ancestry with native populations, indicative of recent invasions, or in the case of West Point Lake repeated invasions, from multiple native sources rather than a range expansion alone. The observation that D. lumholtzi can be transported by recreational boats (Havel and Stelzleni-Schwent 2000) has likely contributed to its ability to make long-distance jumps in geographic distribution (Havel and Shurin 2004) , including the spread from southern locations northwards. Such a range expansion scenario is supported in the current study by the dominance of a single North American cluster throughout the invaded range, and by the apparent loss of genetic diversity in older populations.
